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Abstract The use of more nutrient-efficient crops is
important for maintaining yields while enhancing
environmental sustainability. Various approaches are
being applied to evaluate aspects of plant nutrient use
efficiency, among them ecological concepts based on
accumulation and losses of biomass and nutrients,
agronomic concepts with a major focus on agricultural
crops and harvested products, and physiological
approaches assessing single physiological processes
important for nutrient use. Unfortunately, the various
approaches are often not compatible. Here we propose,
with the example of nitrogen (N) use efficiency (NUE)
of cereals, to integrate the functionally important
components of NUE in a common conceptual frame-
work. We link productivity to N in crops and seeds and
consider the whole life-cycle of the crop (including
seeds). Three major components of NUE are separated:
The N uptake efficiency, grain-specific N efficiency and
grain N concentration. The three components combine
to a measure of overall NUE in terms of the N yield in
harvested grain per unit of N in seed grain or soil N. The
concept can be applied for both annual and perennial
plants, which is demonstrated with the examples of
winter wheat and a perennial energy crop (Salix) grown
in Central Sweden.
Keywords Agricultural crops . Growth . Nutrient use
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Introduction
The main goal of agricultural research traditionally
has been to increase crop productivity. However, there
are currently increased concerns about environmental
sustainability of crop production systems (e.g. biodi-
versity) as well as the environmental problems caused
by the enhanced use of nutrient fertilizers to increase
productivity, which goes along with decreased effi-
ciency of fertilizer use (Tilman et al. 2002). In this
context, the nutrient use efficiency of crops has
acquired great relevance (Fageria et al. 2008; Spiertz
and Ewert 2009).
In general, the nutrient use efficiency considers the
processes of carbon gain and loss in relation to the
processes associated with the gain and loss of the
major growth-limiting nutrients. Nitrogen (N) and
phosphorus are the nutrients that most frequently
limit plant growth, although growth conditions (e.g.
temperature) and other resources (e.g. water) might
often greatly alter the nutrient limitation.
Nitrogen is often regarded the single most impor-
tant nutrient. In the agricultural context, nitrogen use
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efficiency (NUE) needs to focus on the specific
biomass fractions forming yield, which are defined
by the harvested product and related to both the
consumption of nutrients and product quality aspects
(e.g. protein content). The challenge is to develop a
meaningful NUE concept that both allows the
analysis of the functionally important NUE compo-
nents in an agronomic context (yield and quality), and
takes advantage of the method developments in
growth analysis and functional ecology (cf. Hunt
1982; Ågren 1985; Berendse and Aerts 1987). The
objective was to briefly review the existing concepts
for the assessment of NUE in different contexts
(agronomic, physiological, ecological), and to develop
an integrated approach taking advantage of the method
developments in the existing NUE concepts and
applicable to various crop types (annual and perennial
crops).
Cereal growth and nitrogen use efficiency
The development and growth of agricultural plants,
here exemplified by cereals grown in Northern
Europe, starts with a period of seedling establishment,
tissue differentiation and expansion, during which the
growth processes are largely limited by factors other
than nutrients (e.g. temperature). The major growth
period starts with accelerated seedling growth in
spring and ends with the beginning of grain filling.
The weeks within the major growth period, which
represent the relationship between the accumulation
of crop N and biomass, are most appropriate for
evaluation of the functional relationships between
crop N and growth, because major N limitation of
growth can only be expected during this period. The
major growth period is followed by a final period
characterized by ceased growth and dominated by
nutrient and carbohydrate relocation processes, which
greatly affect the crop N dynamics (e.g. “stay-green”,
Borrell and Hammer 2000). The growth and nutrient
uptake processes during the period of major growth
are best described by exponential and/or linear
functions, reflecting the nature of the growth and
uptake patterns during this period (Hunt 1982;
Monteith 2000).
Several definitions have been suggested for NUE
in crop production. For example, Fageria et al. (2008)
defined a nutrient efficient plant as one that produces
high economic yield with a given quantity of applied
or absorbed nutrient. A common way to assess NUE
in crop production is based on the amount of yield
produced per unit soil N, as proposed by Moll et al.
(1982). In this approach, Moll et al. (1982) separate
the NUE into the two components N uptake efficiency
(total plant N per unit soil N) and N utilization
efficiency (grain biomass per unit of total plant N).
The approach is here exemplified for winter wheat
grown in Central Sweden (Table 1) and has recently
been used by many authors (e.g. Anbessa et al. 2009;
Foulkes et al. 2009; Sylvester-Bradley and Kindred
2009). The concept of Moll et al. (1982) certainly is
meaningful in an applied agronomic perspective with
focus only on cereals, but has serious limitations
especially when the NUE of different crops and
production systems should be compared. Another
important limitation is that the concept by Moll
et al. (1982) does not allow separation of the
processes involved in N-limited biomass accumula-
tion during major growth period, grain maturing and
N carry-over from plant to grain, the latter often
driven by factors other than nutrients. In addition,
the approaches based on Moll et al. (1982) relate
biomass accumulation to final crop N at harvest, and
thus assume that the final crop N is available during
the entire period from seed to harvest. This assump-
tion might be adequate in a purely applied perspec-
tive focusing on yields in relation to nutrient inputs.
However, in more functional and comparative perspec-
tives this assumption makes little sense and therefore
causes conceptual problems when integrating with
important elements of plant growth theory (e.g.
N productivity, Ågren 1985) and when comparing
different crop types.
Table 1 Calculation of nutrient use efficiency and its compo-
nents according to Moll et al. (1982) using typical data from
winter wheat sown at a density of 350 grains m−2 and fertilized
with 130 kgNha−1 in Central Sweden (G. Bergkvist unpubl.).
Nt total plant N at maturity (20.5 gm
−2), Nsoil N supply from
soil including fertilizer and mineralized N (22 gm−2), Gw Grain
weight at harvest (650 gm−2)
Trait Value (g g−1)
Uptake efficiency (Nt / Nsoil) 0.93
Utilization efficiency (Gw / Nt) 31.7
Nutrient use efficiency (Nt / Nsoil · Gw / Nt) 29.5
514 Plant Soil (2011) 339:513–520
Physiological processes controlling nitrogen use
efficiency
Many studies addressing the N use of crops deal
with single physiological characteristics or process-
es having an impact on the NUE. These processes
can involve the source and sink relationships at
certain crop stages (Bancal 2009), critical N dilution
and crop N deficiency issues (Justes et al. 1994;
Lemaire and Gastal 2009), dependence of mineral
nutrient stoichiometry on biomass production
(Greenwood et al. 2008), root characteristics related
to the N metabolism and NUE (Foulkes et al. 2009;
Garnett et al. 2009; Pedersen et al. 2010), or the
genes affecting aspects of NUE including N retrans-
location and conservation (Waters et al. 2009;
Habash et al. 2007; Fontaine et al. 2009). Other
research mainly focuses on grain quality, which is
affected by soil N availability (Kindred et al. 2008;
Saint Pierre et al. 2008). One particular physiolog-
ical process has been discussed frequently in the
context of NUE: There is great hope to increase the
NUE of crops through enhanced efficiency of the
photosynthetic system, for example by modifying or
selecting for variation in RuBisCO activity. This
approach has been suggested to ultimately result in
the utilization of the full potential of cereals in the
future (Hibberd et al. 2008; Reynolds et al. 2009).
The single processes certainly contribute to and, if
combined, constitute the whole plant NUE, but it is
the outcome of the processes at the whole plant and
community levels, which should deliver the context
for the evaluation of the single physiological processes
contributing to increased or decreased NUE.
Ecological concepts on nitrogen use efficiency
based on plant growth theory
The first attempts to define NUE in an ecological
context considered the plant biomass production in
relation to plant-internal N contents (i.e. inverse of
plant N concentration, Chapin 1980), and related
biomass losses to the N losses at the ecosystem level
(Vitousek 1982). At the plant level, the mechanistic-
functional relationship between the contents of the
growth-limiting nutrients (here N) and biomass
production was described by means of the N
productivity concept (Ågren 1985). The N productivity
was integrated into a concept, in which the NUE was
broken down into the two components of N produc-
tivity (Ågren 1985) and N carry-over from annual to
perennial plant parts, i.e., mean residence time of N
(Berendse and Aerts 1987). The mechanistic back-
ground of the two components was further analysed
and resulted in a number of hypotheses regarding, e.g.,
the functional relationships between N productivity
and conservation mechanisms in plants (Garnier et al.
1995; Garnier and Aronson 1998; Eckstein et al.
1999).
The approaches have made very valuable con-
tributions to the functional understanding of plant
N use and growth, but the results are frequently
difficult to apply in an agronomic context due to
lack of focus on the harvested products. In
addition, the ecological approaches pay great
attention to the evolutionary mechanisms of plant
adaptation to nutrient-poor environments and fre-
quently assume that, in an annual perspective, the
nutrient uptake equals the nutrient losses (i.e.
steady-state conditions, Eckstein et al. 1999; Frissel
1981). These conditions are often less relevant in
agriculture. Also, steadily increasing nutrient addi-
tion greatly facilitates the analysis of functional
relationships in NUE research (Ingestad and Ågren
1995). Such conditions are likely to be met in
approximation during some periods in the growth
and development of many agricultural crops. In an
agricultural context, the critical period(s) during crop
growth and development, in which functional growth
analysis can be applied (e.g. major growth period),
need to be linked to the harvested product and also
the N uptake and carry-over processes before and
after the critical period(s).
An integrated NUE approach also should contain a
component allowing the consideration of N carry-over
and conservation over more than a single growing
season, e.g. for assessment of the NUE of perennial
crops. This aspect was recognised by Dawson et al.
(2008), suggesting the calculation of the amount of N
carried over to the following year as part of an
integrated NUE concept especially for perennial crops.
However, a general NUE concept should consist of the
same components for all agricultural crops, irrespective
their annual or perennial nature. In ecological NUE
concepts, N resorption, e.g. from senescing leaves, is
usually considered an important component of N
conservation and calculated from the perspective of
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the perennial plant parts to which the nutrients are
retranslocated from the annual plant parts (Eckstein et
al. 1999). The only perennial plant parts in annual
plants, among them many agricultural crops, are the
seeds, which in an agricultural context often represent
the major harvest product. Consequently, it appears
most meaningful to here define resorption efficiency
from the perspective of the harvested product, e.g.
grains in cereals, where resorption efficiency affects the
amount of biomass and N allocated to grains and the
grain N content, which influences grain quality. For
example, N relocation to grains usually exceeds N
uptake and assimilation by the crop during grain filling
in cereals (Spiertz and De Vos 1983).
A concept linking productivity to nitrogen in crop
plants and seeds
We propose a concept for the assessment of NUE in
agricultural crops, which considers the whole life-
cycle of the crop (including seeds, Liptay and Arevalo
2000), can be applied for both annual and perennial
crops, and offers the possibility to link important
elements of growth theory (i.e., N productivity, N
conservation) to important issues in agriculture, i.e.,
crop yield and quality. The approach is outlined with
the example of cereals grown in an environment, in
which N is among the major growth-limiting factors.
Adjustment to other types of crops and growth
limitations should be possible.
Conceptually similar to other NUE approaches based
on, e.g., Moll et al. (1982), we consider the N uptake
efficiency (UN) and N utilization efficiency (here grain-
specific N efficiency, EN, g) as important components
of the NUE (Box 1), but we re-define the components.
A numerical comparison of the proposed concept with
the approach by Moll et al. (1982) is illustrated by
using typical data from winter wheat grown in central
Sweden (Tables 1 and 2). As a third component of
NUE, we add the N concentration of grains at harvest
(CN, g), which recognises the aspects of N carry-over
from vegetative plant parts to grain as components of
NUE. For example, the genetic regulation of nutrient
remobilization (Waters et al. 2009) could be evaluated
in a broader NUE context when using the concept
Table 2 Comparison of N use efficiency (NUE), soil-specific
N use efficiency (NUEsoil) and their components for winter
wheat and Salix short rotation coppice (SRC) grown on
agricultural land in Central Sweden and according to the NUE
concept presented in Box 1. The N productivity during major
growth period was calculated according to Ågren (1985) only
for Salix, because no suitable whole-plant dry weight data were
available for wheat. The same data as for Table 1 was used for
wheat and the calculation of plant N at start and end of major
growth period was based on the assumption that 10% and 80%
of the final plant N (20.5 gNm−2) was found in the crop at start
and end of a 6-week major growth period. The Salix data are
based on means of biomass and N assessments across 6 Salix
varieties field-grown in the third year of the first cutting cycle
(fertilized and non-irrigated treatment, Weih and Nordh 2005).
The major growth period in the Salix SRC lasted from May to
September (16 weeks), and further details of the Salix data are
found in Weih and Nordh (2005). “Yield” is grain in wheat and
harvested shoot biomass in Salix. “Perennial N” (Ns in Box 1)
is seed grain N in wheat and shoot N at the end of the previous
growing season in Salix. N’ is mean plant N during major
growth period
Trait Winter wheat Salix SRC
N uptake efficiency UN (N’/perennial N, g g
−1) 28.8 4.1
Soil-specific N uptake efficiency UN, soil (g g
−1)a 0.40 0.44
Yield-specific N efficiency EN, yield (grain or biomass yield/N’, g g
−1) 70.5 160.3
N concentration in grain or biomass yield CN, yield (g g
−1) 0.0202 0.0054
NUE (Nyield/perennial N; g g
−1) 41.0 3.5
NUEsoil (Nyield/soil N; g g
−1) 0.57 0.38
Relative N accumulation rate RN (week
−1) 0.35 0.09
N productivity (RN · dW/dN’
b; g g−1week−1) – 13.7
a Calculation in analogy to Box 1: (N’-Ns)/soil N, where Ns is the perennial N fraction
b Increase in total dry weight (dW) and N pool during major growth period (dN’)
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proposed here. The three components combined,
result in the NUE as an expression of the amount
of N in the harvested product (i.e. grains) per unit of
N content in seed grains, and thereby span the whole
life-cycle of the crop from seed to harvested grain
product, which represents the seed for the next crop
generation.
The mean N uptake efficiency (UN) is the mean N
content during major growth period, in relation to the
N content in seed grain. The UN thus reflects the
capacity of seed grain N to generate plant structures
for the exploitation of soil N during a period most
important for the functional relationship between N
and biomass accumulation. The components of N
uptake efficiency (UN) include the mean N accumu-
lation rate during the period of major growth (RN), as
well as the duration (t) of this critical period for cereal
development. The UN as calculated here is based on
the major growth period and thus not directly
comparable with the N uptake efficiency defined by
Moll et al. (1982) (Table 1). However, the N uptake
efficiency sensu Moll et al. (1982) could be calculated
by using components of the proposed concept, i.e.,
the ratio Bg/N (Box 1). In the calculation of UN, the
seed N can be replaced by fertilizer or soil N to obtain
a measure of the N uptake and, ultimately, NUE on
basis of fertilizer or soil N.
The grain-specific N efficiency (EN, g) is calcu-
lated as the amount of grain biomass produced per
unit of mean plant N content during the major
growth period, with the methods commonly used in
growth analysis (Hunt 1982). In cereals, the major
growth period can be defined as the period from the
start of accelerated plant growth in spring to the start
of grain filling (Zadoks et al. 1974). The evaluation
of EN, g should reflect the functional relationships
between crop N and biomass accumulation and
therefore needs to be based on the mean N content
during the major growth period. Nitrogen uptake and
carry-over processes before and after the defined
weeks within the major growth period can be
considered in the concept by the other components
and additional calculations. For example, the plant N
dynamics relevant for grain filling in the growth
stages after the major growth period and flowering
(e.g. “stay-green”, Borrell and Hammer 2000) could
be investigated by monitoring leaf N contents and
calculating the difference between the plant N
content at the end of major growth period and final
harvest (i.e. Nt – N’f, Box 1). The components of
grain-specific N efficiency (EN, g) include the N
efficiency of the whole plant (EN), and the harvest
index, which is the biomass allocation to the
harvested product (i.e. grains; rB, g). If compared
with the utilization efficiency defined by Moll et al.
(1982), the calculation of the grain-specific N
efficiency (EN, g) according to Box 1 indicates a
higher efficiency (Tables 1 and 2). The greater
efficiency arises because the EN, g is calculated on
basis of the mean N during major growth period,
which is more meaningful in a functional perspec-
tive, instead of the final N content used for the
calculation of utilization efficiency by Moll et al.
(1982).
The grain N concentration at final harvest (CN, g)
reflects N carry-over from vegetative plant parts to
grains. The components of the grain N concentration
(CN, g) inform about the efficiency of N carry-over
from whole-plants to grains (rN, g), sometimes called
N-yield. The CN, g could be replaced by the concen-
trations of other relevant components in the harvested
grains (e.g. starch), to obtain a NUE measure express-
ing the yield of the component of interest per unit of
seed N (or soil N, if seed N is replaced by soil N, see
above). The concept can thus be adjusted to the NUE
evaluation of feedstock production for various purpo-
ses including biofuels (cf. Spiertz and Ewert 2009), for
which the grain N concentration might be less relevant.
Comparison of NUE in annual and perennial crops
Maximising the efficiency of crop resource use will
be a highly prioritized issue in agricultural research,
and concepts allowing the comparison of resource
use efficiency across different crop types are
therefore needed. For example, there is increasing
evidence that perennial cropping systems can utilize
many resources more efficiently than annual sys-
tems (Jordan et al. 2007), but quantitative compar-
isons of resource use efficiency between the different
crops are difficult. The proposed NUE concept for
cereals (Box 1) allows great flexibility and can also
be used to assess the NUE in perennial crops. Thus,
the N content in seed grains of cereals (Box 1) can in
perennial crops be replaced by the N content of the
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perennial plant parts to allow for annual calculations
of the NUE and its components. Here we exemplify
perennial crops with a biomass crop (Salix) grown in
short rotation (c. 3 year cutting cycle) on agricultural
land for energy purposes. These perennial biomass
crops possibly could replace conventional agricul-
tural crops in many areas world-wide in the near
future (Hoogwijk et al. 2003), which makes this an
interesting comparison.
The comparison between the annual winter wheat
and the perennial Salix short rotation coppice (SRC)
shows higher overall NUE in the annual, due to
higher N uptake efficiency (UN) and N concentration
in the yield (CN, yield; yield is grain in wheat and
harvested shoots in Salix) (Table 2). In contrast, the
yield-specific N efficiency (EN, yield) was higher in the
perennial Salix. When the N uptake efficiency was
calculated on basis of soil N (UN, soil), the two
cropping systems were similar, resulting in similar
soil-N based NUE (NUEsoil, Table 2). The large
difference in relative N accumulation rate (RN) during
the major growth period was, to a large extent,
cancelled out by the difference in the duration of the
major growth period. Thus, the (RN) was four times
higher in wheat than in Salix, whereas its total relative
N accumulation was just 1.5 times higher. The
example demonstrates that the proposed concept
(Box 1) can be applied to assess the functional
relationships of NUE components across different
crop types. In addition, the concept is compatible with
growth analysis and the N productivity concept
(Ågren 1985), because N productivity can easily be
calculated based on the RN (Table 2).
In future, we need to integrate the research performed
to evaluate the different aspects of crop NUE at the
molecular, single-plant and agro-ecosystem levels with
the needs of applied agronomic research, including the
selection and breeding of cultivars for low-input and
organic cropping systems (Dawson et al. 2008; Spiertz
and Ewert 2009). The proposed concept could contrib-
ute to such integration by offering a common basis for
the evaluation of the various crop types and research
activities dealing with different NUE aspects. There-
fore, the concept offers great flexibility to be applied to
different crops (food, energy, annual, perennial) and in
various contexts, e.g. the assessment of NUE based on
seed, soil or fertilizer N.
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